WO 2007/ 149050 PCT/ S&G2007/000088 1 Method and apparatus for

3-di nensi evmbooviigiosn and i nspection of ball and |ike pretr/ssioonsioods
el ectronic conponents 5 TECHNI CAL FI ELD This invention relates to a
met hod for inspecting objects in 3- dinensional vision, including

i nspecting el ectronic conmponents which 10 features' texture may
require inspection that is detailed toja sub-pixel scale. An
apparatus inplenenting such nethod is al so disclosed. BACKGROUND OF
THE I NVENTION 15 In a high-precision manufacturing environment where
hi gh vol ume of Riethiod andsapphratjstos 3adimensionalivision and

m croel ectronics fabrication and pagkagin% of, conggnﬁgt , Lt 1S

of ten necessary fnspestionef badl anddike Brolyisions Qf ereeiyonic

m croel ectroni c package to be insgectﬁﬁ for_quality control 20

pur poses. Due to the |arge vol ume O} neﬁgﬁection has to be
automated and due to the inspection involving exam ning specific
critical feature of the package, such as co-planarity of the contact
elenments in the formof balls in a ball grid array (BGA) device,

3-di nensitonal vision is required. WD 2007/ 149050 PCT/ S&007/000088 2

Sone vi si ON Y5 1§ USiBS D2 single axial canera with a plurality of

This invention relates to a method for inspecting objects in 3-
dimensional vision, including inspecting electronic components which
10 features' texture may require inspection that is detailed to a sub-pixel scale.

An apparatus implementing such method is also disclosed.

BACKGROUND OF THE INVENTION

15
In a high-precision manufacturing environment where high volume of
precision small objects are made, such as microelectronics fabrication and
packaging of components, it is ofien necessary for each of the completed
object such as a microelectronic package to be inspected for quality control
20 purposes. Due to the large volume, such inspection has to be automated and
due to the inspection involving examining specific critical feature of the
package, such as co-planarity of the contact elements in the form of balls in a

ball grid array (BGA) device, 3-dimensional vision is required.



reflective surfaces to pick up different views of the object to be

I nt egr at ewa w0H149830ngl e i mage such as that disclosed i n AdSys5206500004
(Beaty, et al.), W001l/04567 and US-2002/37098. Normally, an
algorithmin the formof 5 software is used to process the different
reflected views of the object to be integrated into a single inmage
to be inspected. 3-dinensional viewinp true stereoscopic vision can
only be achieved by having at |east 2 caneras such as that discl osed
in US-6,778,282 (ICOS 10 Vision Systens), US-6,064,756 and

US- 6, 064, 757 (b@dmdyidteatystems usies)a sFighs axial sapera yythe gsdlyalir afl | y
enmploy a first camera to capture an incident view of the object and
a second caeRediveaurfakes to piek apdiffere visvenofihetdbiact tahglintegiatadhe @
directly or indirectly via reflective surfaces. 15 Qur present nethod
for ster eosg%c invhgd Qsuchf abnhaecdiscigsabjiecUS-6,085064 utRealy, etraldi n
functions of i conTM I magi ng Processing Library (version 7.1) b

M/Tec Sof t warcR)1@dE8 70 indLUrS-2002/3789818 Normalige anf algtithmoinT ter foher ehces
are available fromits website at http://ww. mvtec. conl downl oad/

docunent gt i QUHFRE YeeRbald Ploddstlthe diarertl reflectgd iviawsistthenaject todre
3-di nensional vision systementitled Machine Vision in Wrld

Coor di nat esjayphica!its dindlbiRadd W iRpeted.on
downl oad/ docurrent at i on/ pdf - 7. 1/ 3DMachi neVi si on. pdf whi ch, along with

ot her relevant Hal conT"' publications, are incorporated herein by
reference. WD 2007/ 149050 PCT/ SG007/000088 3 The stereoscopic

canera system Cofpfh&fforlaictARRiRSéreasdRit Usiontdaa ahinbe atiiewdd by om
different positions. Wth a pair of caneras, a pair of
having at least 2 cameras such as that disclosed in UsS-6,778,282 (ICOS
10 Vision Systems), US-6,064,756 and US-6,064,757 (both by Beaty, et al.).
These vision systems generally employ a first camera to capture an incident

view of the object and a second camera to take a second view from another

angle whether directly or indirectly via reflective surfaces.

15 Our preésent method for stereoscopic vision of inspecting objects
makes use of certain functions of Halcon™ Imaging Processing Library
(version 7.1) by MVTec Software GmbH of Miinchen, Germany. Some of
Halcon™ references  are available  from its  website at
hitp://mwww.mviec.com{download/ documentation/documentation.htmi,

20 inciuding its user manual on 3-dimensional vision system entitled Machine
Vision in World Coordinates available at htip://www.mvtec.com/
download/documentation/pdf-7.1/3DMachineVision.pdf  which, along with

other relevant Halcon™ publications, are incorporated herein by reference.



I mage points fromthe projection of a point on the object may be
capt ur ed. woltwe7/i4vefpe poi nts are often referred to as " caugERDEr/000088
poi nts" or "honol ogous 5 points". By naking use of interior
paranmeters of both canmeras and the relative pose of the second
canera in respect of the first camera obtained during a prior
cal i bration process, the distance of tfie said object point from the
st ereoscopi c canera system can be determned. 10 A sinplified
configuration of two parallel-trained single-dinension caneras wth
i dentical interiTHe perevsebpicscamsrasystehowamiprisss WREamerss frgined pn ) |
The basis, i.e. the straight |line connecting the two optical centres
of the twoteasEmhasbjothjrohe difesantesitionde With achalenf cameras, Ifepsit 8ki s
of the first canera. Then, the image pl ane coordi nates of the
proj ect i onsingfge pintOIrdth tRe prbjetlion oi ammintbmn theppkiesiethaly e canptered.
i mges, uj and u2, as follows: x~ U, =f Z, x -b u2={~J z= 20
where f is thg ih8ga bolngngidomerdrdierrdtbtd enttdnjugate peinkgirshomalegous
difference between the two inmage |ocations of the conjugate points
is callegd tPS‘me”.SDB i tMking» usth of ntemot peraaliers| oft bathasarhetdsomsd the
bz

d=(ul-u2) =f 20077 149050 PCT/ S&007/000088 4 _
relative pose of the second camera in respect of the first camera obtained
during a prior calibration process, the distance of the said object point from

the stereoscopic camera system can be determined.

10 A simplified configuration of two parallel-trained single-dimension
cameras with Edeﬁtical interior parameters may be shown in FIGURE 1 (Prior
Art). The basis, i.e. the straight line connecting the two optical centres of the
two cameras, may be assumed to be coincident with the x-axis of the first
camera. Then, the image plane coordinates of the projections of the point P

15 (x°, z°) may be expressed into two images, U1 and us, as follows:

X
I‘51=f';:‘
f

20

where f is the focal length and b the lengih of the basis. The difference
between the two image locations of the conjugate points is called the disparity

d, which may be calculated as follows:

-b
d=(n—uy) = 1=
zZ




G ven the canera paraneters and the i mage coordi nates of two

conj ugat ew®root/s490the z coordi nate of the correspondi ng mb/ecioopaonds
P, i.e. the distance fromthe stereo canera system can be conputed
fromthe following 5 equation: z°_ f-b d It should be noted that
the interior canera paraneters of both caneras 10 and the relative
pose of the second camera in relation 4o the first camera are
necessary to determne the distance of P fromthe stereo canera
system Two basic operations that need to be solved for conventi onal
stereo vision are: 15 Step 1 - Determ nation of the interior
paranmeters of both caneras and the relative pose between them during
initial set-up, @NEnShepPcaneraDphemitont cod e anage rcoofdinaied Lfatver
points for each object point of interest in stereo inage pair

capt ur ed dughd)GAte pBRES, tz Qordimelof the€ortdeponding objgcepoinpBi ire. ghe

di stances fromihe stereoscopic canera system The first operation

I nvol ves Cahispa’r@bif% fle dibRoaRicaSYSIRNTG canierc@mmsyed Eomviherfalping
calibration plate is placed such that it lies conpletely within both

the field of ,Z\{éli%g:of the stereo inmage pair. Wth Hal conT"" | nagi ng WO
2007/ 149050 E’ [/ SG2007/ 000088 5 Processing Library, the calibration
of both inmges may be carried outf.§i mul t aneously with the operator
terned as "bi nocul ar cali brat i26ﬁ="-‘§-see section

It should be noted that the interior camera parameters of both cameras
10 and the relative pose of the second camera in relation to the first camera are

necessary to determine the distance of P from the sterec camera system.

Two basic operations that need to be solved for conventional stereo
vision are:
15
Step 1 - Determination of the interior parameters of both cameras and
the relative pose between them during initial set-up, and
Step 2 - Determination of a pair of conjugate points for each object
point of interest in stereo image pair captured during inspection to compute

20 the said object points’ distances from the stereoscopic camera system.

The first operation involves calibration of the stereoscopic camera
system whereby a calibration plate is placed such that it lies completely within

both the field of view of the stereo image pair. With Halcon™ Imaging



7.3, page 94 of Machine Vision in Wrld Coordinates, Edition 2,

Hal conTM wh Zofri4opatbl | shed July 2005]. After a successf WCT/SG2007/000088
calibration, a virtual 5 stereoscopic canera systemcalled rectified
st ereoscopi c canmera system of which the rectified coordinate system
is with respect to 1st canera, will be constructed. As the accuracy
of the 3-dinmensional image representatgon is 10 influenced by the
manner in which the caneras are placed, it is inportant that neither
the interior canera paraneters (e.g., the focal length) nor the
relative pparebsing. Libtdng hes tealiiratiam dofoboibniraagen ray isesatied oub
caneras) of the two caneras changes during the calibration process
or between ghpileatolhaitothe gepaiestermed ascbinoasladealibrajionhiseerseationy
application of the calibrated stereo 15 canmera system It is
therefore agg saBkeos of WRiehinet Wigionwa Baer Gsorainates, dditiine2 pHatcboFm
The second operation involves what is called "stereo matching -
process”, whiiqd igbliHeRioNlY MODSES Fifeg ansobyessfil nealikiratiprt he  virtual
operators 20 "binocular disparity” or "binocular distance" [see
section 3. 4gichaiRolib: capfra Gybteln ¥dliceiveptieesterddseopiec vamsta pystem, of
calculations to obtain world coordinates fromthe stereo inmages. In
Hal conT"'  pLARRSHe Bctifidd cbdraBateP eyditm i&IWith fesijeet € 17 rageera,palllr be
captured fromthe same object point are referred to as conjugate
points. Fromdigidy i nciple of stereovision, the difference between

| mage | ocations o% PCT/ SG2007/ 000088: Received 3 June 200. 6 the
conjugate points, which is called the "disparity", can be used to
conput e

As the accuracy of the 3-dimensional image representation is

10  influenced by the manner in which the cameras are placed, it is important that
neither the interior camera parameters (e.g., the focal length) nor the relative
pose (e.g., the distance and orientation between the two cameras) of the two
cameras changes during the calibration process or between the calibration
process, as well as during the ensuing application of the calibrated stereo

15 camera system. It is therefore advisable fo mount ihe two cameras on a

stable platform.

The second operation involves what is called “stereo matching

process”, which in Halcon™ processing involves invoking the operators

20 ‘“binocular disparity” or “binocular distance” [see section 7.4, page 97, op. cit.]
which process the necessary calculations to obtain world coordinates from the
stereo images. In Halcon™ processing, two image points from a stereo image

pair captured from the same object point are referred fo as conjugate points.

From the principle of stereovision, the difference between image locations of



t he distance of an object point fromthe rectified stereoscopi ¢ PCT/SG2007/00608:
camera system The Ha/conTM Library provides individual functiopgcdd3 June 208
conpute disparity 5 or distance of the entire overl appi ng regi on of

the stereo inmage pair. These functions nmust first carry out matching
operation to establish conjugate points for all imge points within

t he overl apping region of stereo inage p@ir before disparity or

di stance profil ehedborijliesié @BHRS Widbh li%?c&l@@plﬁéeﬁhfagﬁ@“ ﬁﬂ?ée) His@ragfncompute

pair nmust first be rectified, based on information dgathe

calibration, tothyigdahed ot Behbi iR frory 1 BOSs ' ~ ~FRUS, th
ensui ng mat ching process 1 s r#g?er/\%ﬁétﬂoo iﬂ'}\d oﬁ{'&?%%&%@@P%%ﬁ%?yﬁem’
conjugate points in X inmge coordinate, There are 3 different

nmet hods, nanely "summed absol ute difference", "summed squared

i ff " " i el ation’ i. | abl f h
mat chi ng funct on and g ar bEae D UEbiRRr B Ela e s by
pattern within a éﬁ@l@l rrzt_chi n@_ w ndow,. To optain accurate results,
the object' s st PSEECHR IR S0UCREIGRPEX RO the Statar ilBAYE pabie These

captured. Unfo tu_r,latelé, this approach is not useful when
det er ni ni ng t he!"@F4ansREst gsicanapyt malshingonestiondoestaliing conitpaisepoints
curvature (hence varying 20 distance) such as a contact sol der ball
tip of a ball def@ldrray Pebls vehiubestverprriragegionsit stpremlinegd Whir before
mat chi ng met hods woul d be cunmbersonme and inaccurate for the purpose
of det er i ni ng 4iaeardy of distancerefite of diwt regiquotant betompaieh. Blel stsreorimage
ball-1ike protrusion's curved surface as the ball surface is void of
textural featuresir et first bheedilierebastd swirtfahaiohayatiaed drofMcairatdm o
nmet hods. Anended Sheet TPEA/ ATJ PCT/ SG2007/ 000088
10 align their overall Y image coordinate. Thus the ensuing matching process is
mainty to find out the difference of conjugate points in X image coordinate.
There are 3 different methods, namely “summed absolute difference”,
"summed squared differences” and “normalized cross correlation”, available
for the matching function and all 3 are based on comparison of gray-level
15 pattern within & smail matching window. To obtain accurate results, the

object's surface must have enough textural information to be captured.

Unfortunately, this approach is not useful when determining the

distance o a small feature having varying surface curvature (hence varying

20 distance) such as a contact solder ball tip of a ball grid array semiconductor
package. Using Halcon™ matching methods would be cumbersome and
inaccurate for the purpose of determining the distance to the centre point of
each ball's or ball-like protrusion's curved surface as the ball surface is void of

textural feaiures and is therefore not suitable for Halcon™ matching methods.

Amended Sheet
TPEA/AL
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C Ott// 00006 Received 3 June 200 7 Nevertheless, hiafconT"' PCE/SGE067/00008
met hodol ogy al so provides functions to conpute distance from geceived 3 June 264
disparity of conjugate points or distance fromthe conjugate points

directly whereby the conjugate points are to be determned 5 by the

user. It should be noted that conjugate poimts can be taken as

rectified coordinates of original inmage coordinates. W have now

able to detect the conjugate point of ball tips using our own

nmet hodol ogy and yet be able to conpute the distance of every ball tip

10 fromrectified stpeeorsassy asiMeimy h@tf‘?&t{bé%md#g%léappnﬁrov@ég ROREERS o

may be nore readily understood fromthe f I scl osur

SUMVARY OF DI SCLERHRE Lstddte %ﬁxs@;ébat)@vt?rm:br%ﬂ%&?n@%@sop D500 ihe

3-di nensi onal vision inspection o ects

m croel ectronic ; atures t .

i nspected, wher g?d@%ﬁﬁ‘@fﬁé@ﬁwﬁg&\%@;% co@qg}i% @&?F%@sgﬁﬁj&}%mned
surface curvatu RS, of _ gener al
enbodi nent , gsur %ﬁe H%Q— gﬁ%ﬁou&ée {RES ng)go%tl’g“f? Q@mf%?a'b?%ﬁqﬁf’r?@ rgtified
| east a pair of rrg% urLr@g means wWiith simlar Interior

parameters arrafge a;]es KRNI BREIFur ati on; (b) calibrating
each of said inmage capturing neans to determne the interior and

exterior paraneters of said respective inage capturing neans;

Anmended Sheet
We have now able to detect the conjugate point of ball tips using our

own methodology and yet be able to compute the distance of every ball tin
10 from rectified stereo cameras using Halcon functions. Our process may be

more readily understood from the following disclosure.

SUMMARY OF DISCLOSURE

15 Our present invention concerns a method for 3-dimensional vision
inspection of objects, including microelectronic - components  having
protrusions as features to be inspected, wherein the profrusions have non-
planar surfaces and/or surface curvatures such as the tips of pins or balls. In
the general embodiment, our method comprises the steps of:

20 (a) providing &t least a pair of image capturing means with similar interior

parameters arranged in a stereovision configuration;
(b)  calibrating each of said image capturing means fo defermine the
interior and exterior parameters of said respective image capturing

means,

Amended Sheet
IPEA/AY



| PEA/ AU PCT/ sg2007/ 00008 Received 3 June 2,0(r) 0 (c) form ng &CIT/BG2867/00008
rectified coordinate systemfromthe paraneters of both inage Reeceived3 June 204
capturing neans determ ned above with a pose of second i nage

capturing neans relative to the first imge capturing neans

("relative pose"); 5 (d) using said i mage-cdapturing neans to capture

i mges of said object's protrusions conprising two side views of

surface curvature) of famity &f rectified qoadingtel eysem( #dmr e’ phm&ers of both
coordi nates of each inmage to produce a pair of rectified inmages in

the said rectified conagh nabRidysSheahs témlind@t Moveniie & SRR HPakEond

point for the tip of each protrusion on each of the pair of inages

captured; and (g) neghadd BEPLRAY FhesANCRIANCBCIRaPH QL riri‘l%%)@%aéﬁ@ﬁé?@%%s

of the image capturing nmeans within the rectified coordr nat
and the co- planarit Qb dhenderptrusions. 15 In one preferred
enbodi ment of our nmethod, the a)?oresai d step (g) neasuring the

means and caleuldli orcny T B ameonty SR el 1B e 1 Ge JRRREs A AP Rbees

mat hemmt | Cal 20 T uncPIORE TR E HT SRR ot (e E P! EHERds DU deroRGesch of

fromat | east one of séig%mtmsions;
{e} reciifying coordinates of each image to produce a pair of rectified
images in the sald rectified coordinate system;
10 @) determining a conjugate point for the tip of each protrusion on each of
the pair of images capiured; and
(@) measwing the distance of each protrusion from each of the image

capturing means within the rectified coordinate system and the co-

planarity of the protrusions.

in one preferred embodiment of our method, the aforesaid step (g)
measuring the distance of each prdtrusion from at least one of the image
capturing means and calculation of co-planarity of the protrusions comprises
determining from the rectified coordinates using established mathematical

20 functions the distance of each ¢f the protrusions from at least one of the

image capturing means,

Another preferred embodiment of our method further includes step (h),

Amended Sheet
IPEA/AL



i mage capturing neans. Another preferred enbodi ment of our mnet ho@CT/SGIO7/000G8
further includes step (h), Amended Sheet trrnm U PCT / SG2007/ 00R8&8ed 3 June 200
Received 3 June 200 9 i.e. calculating the co-planarity of the

protrusions based on the distance of each protrusion to forma

seating plane using standard best-fit plaree algorithm Preferably,

our nmethod further still include step (1) i.e. calculating the

hei ght of the pyetEmMshiansg ‘MLE"c_ﬁipﬂbr%riﬁ}lBﬂﬁ@b%h@%ﬁﬁ@ﬁ}a‘éege&@'EHB&B% nce of

with 5 reference to the rectified coordinates; a e perpendi cul ar

di stance of  pr@LruislBnudiBnt RE sSHPSA rééﬁ%}”ﬁi,@%ﬁ?i Es?ﬁ@ﬁ%@g&éﬂt Bst-fit plane

rat )
protrusion height. I'n one aspect of our on, rotrusion

nei ght is cal culatgf By dlibraPRS®thahi 09t by 3, SGEO B PLANE  caliting

addition to the ‘seaf I ng Pl ane, constru

protrusi ons having, g0 y-planarity val ues: (i i hiftin i d ,
second pl ane by{f}aggg’gﬁﬁﬁﬁﬂj‘gpl ‘dﬁf“ﬁ’élw F61 Bs ﬁ%rﬁ% B'ﬁ’f‘et‘g %g‘:r"m“f%‘mth
substrate plane; .and (ijii) taki the height of the protrusion as the
per pendi cul aP die&HER 6f %*Eeair%‘:tgggt?%g'aﬁ 0 atnﬁet@u%fﬁ%td@“lﬂraﬁ#éﬁanﬁ% of
In a preferred enbodinent, the calibration in step (b) is achieved
with the use oPTOFUSINBIR PYRPIGES Blane /f ‘aker Refhpptiepipadeiditbodi ment ,
the conjugate points of each protrusion being determned in step (f)
includes (I) locating in each rectified 20 imge, the edges of the
object to draw up the boundaries of the object; and (ii)

in one aspect of our invention, the protrusion height is calculated by (i)

approximating with a second plane, in addition to the first seating plane, that
10 is constructed with protrusions having good co-planarity values; (ii) shifting
said second plane by the amount of nominal protrusion height to form the
substrate plane; and (if) taking the height of the protrusion as the

perpendicular distance of said protrusion fo the substrate plane.

15 in a preferred embodiment, the calibration in step (b) is achieved with

the use of a calibration grid.

In another preferred embodiment, the conjugate points of each

protrusion being determined in step (f) includes (i} locating in each rectified

20 image, the edges of the object to draw up the boundaries of the object; and (i)
performing standard biob analysis to locate the gross position of each
protrusion.  Preferably, step (f) further includes (jli} projecting two edge-

detecting windows conto each protrusion to locate its top and bottom edges up

Amended Shect
IPEA/AY



perform ng standard bl ob analysis to |ocate the gross position oBCI/SG2407/00008:
each protrusion. Preferably, step (f) further includes (iii) Received 3 June 200!
projecting two edge- detecting w ndows onto each protrusion to | ocate
its top and bottom edges up Anmended Sheet |.PEA/ AU PC / S&007/ 00008

Received 3 June 2001 10 to sub-pixel accyyacy; (iv) projecting a
third edge-detecting window froma central vertical position of the

protrusion to dgf egk. . protrusion in.right i e
and the right egige OPFX?ﬁgE%Er%g)ﬁS@ﬁoﬁjoietﬁﬂf%g fh It SPgragatectiyg g@down?rgm a
sub- pi xel accur . V) . assi gni conjugate paints to be right
and 5 left edg%‘g'*oafl a\fr%ééa\gr%%iﬁc i SEQH? nprﬁkygiﬁﬂotphglete&ﬁﬁéﬂi lFEneddsy obupe
met hod, step (g rther includes (vj) .calculating disparity of the
protrusion to b “’EVE‘%‘OHN? P REResH éﬂ*%éd%%m Biodrusipntinghesigitdmage
right and left edges;, and (vii) determning the distance of 10 the
protrusion frontR He SUPEPELEEGHPEY: cAHiveva aeBiningLrluaRte woirls ki hg rightand
disparity and the rel ative pose conputed during calibration.
Preferably, ?heepresfpssibs relrydonnspected in our method has at | east
one of a round edge or ball tip, including pins of a pin grid array
(P& 15 package, halls of ball grid array (B&), and |ike
m cr oel ectroni ¢ packages. |In another aspect of our invention, an
apparatus is provi ddd yPban@hedembodimemabf vinsinethodnseedh anthef includes (vi)
non- pl anar obj ects; including mcroelectronic conponents, wherein
any one of the quiedebigndispetityods the eoabsied foObe the difference between the
pasitions of the said right and left edges; and (vii} determining the distance of
10 the protrusion from the stereoscopic camera configuration utilizing the

disparity and the relative pose computed during calibration.

Freferably, the protrusion to be inspected in our method has at least
one of a round edge or ball tip, including pins of a pin grid array (PGA)

15 package, balls of ball grid array (BGA), and like microelectronic packages.

In another aspect of our invention, an apparatus is provided for '%
dimensional vision inspection of non-planar objects; including microelectronic
components, wherein any one of the preceding methods is enabled for

20 calibration and/or measurement purposes. Our apparatus Compfises:
(a) at least a pair of image capturing devices with similar interior
parameters arranged in a stersovision configuration;
(b) & pair of reflective surfaces for reflecting an image of an object to be

inspected to be captured by each of said image-capturing means; and

Amended Sheet
IPEA/AU



20 cal i bration and/or neasurenent purposes, Qur apparatus conprises:
(a) at | esienow/peise of i mage capturing devices with sinPCaSGROWB0G088
paraneters arranged in a stereovision configuration; (b) a pair of
reflective surfaces for reflecting an inage of an object to he

i nspected to be captured by each of said inage-capturing neans; and
Amended Sheet | DEA/ AU WO 2007/ 149050 £CT/ S&007/ 000088 11 (c) neans
for nmounting said object to be inspected to enable said object's
image to be so reflected and so captured; wherein said object has a
plurality q%) COridlaf® &r rab@itingssatchsbjeot fatbe nepexttedircenahl¢ said apject’s
substrate. Preferably, the object to be inspected is placed within
a ring of |ightimspieae sheilestetidndormbeded;her eby. Preferably still,
the light source conprises a plurality of light-emtting di odes
(LED) with their |ighhefoppsai@objdct hasd phiralitplodub-plemar podtiusins om aif 25
towards the object to be inspected. A background 10 |ight source may

preferably be fuyhgke BlirddedstGubéeatad. preferred enbodi ment, the i mage
capturing device conprises a canera and a frame grabber, and the

frame grgbbers are further preferably connected to a data processing
means via a high-speed data transfer bus 15 including an | EEE-1394

bus (al so known pagrerdgly, %mé [Bidct 1510 REpblid id bRacdatwithi =oges of light

nmeans is a conputer capable of running at |east a program for
source and is illuminated thereby. Preferably still, the light source comprises
a plurality of light-emitting diodes (LED) with their light beam positioned at

about an indlination of 25° towards the object to be inspected. A background

10 light source may preferably be further provided.

As a preferred embodiment, the image capturing device comprises a
camera and a frame grabber, and the frame grabbers are further preferably
connected to a data processing means via a high-speed data transfer bus

15 including an IEEE-1394 bus (also known as “Firewire”). Preferably, the data
processing means is a computer capable of running at least a program for

calibrating, rectifying and processing captured images.

In an alternative embodiment, our apparatus may further including a

20 third image capturing device for another imaging process. Preferably, the
third image capturing device is placed in between the pair of first two image
capturing devices and is configured for inspecting another type of feature of

the object, or another type of object.



calibrating, rectifying and processing captured i nages. In an

al ter nat i v susbegdosent , our apparatus may further includidygs@ooribooss
third i mage capturing device for another imging process. Preferably,
the third inmage capturing device is placed in between the pair of
first two image capturing devices and is configured for inspecting

anot her type of feature of the obj ec{ol or another type of object. WO
2007/ 149050 PCT/ SG2007/000088 12 In 2hot her alternative enbodi nent,

a calibration reticle for having its imge captured for calibration

process is provigedheraKankivereribodimeiha caiblatiohireticls dof haesg aise
preferably positioned at an inclination of 5 about 22.5 from

paral | el aﬂn%g&?:‘é@’ézf&l foP BalRPAtRM prbBedifs iphsast rethovably maduntedrages  of
t are refle

sai d objec cted at parallel into the inmage capturing
devi ces. These and ot her advantages of our invention nmay be better
understood 10 wth reference to the acconpanying draw ngs and the

detai | ed descri ﬁﬁ'qieor%ﬂia&iveté\ﬁ k! QW f8rerkbiy boShioNsCAVRNNMCatioRAN NGS

15 The present ventron w now be described in detail with

¢ i , . £ al ) .
(o erence o5 ARG S Hha0S hEbeidal kot insfhera so ta
' Tustrati Oinmsag%fs ;-[, (saai crntlﬁ!a&ggre()freﬁehc?ed 'éivg?em‘:flé? "intd “El‘\é"hﬁ‘l%ﬂé gébturing

devices.

These and other advantages of our invention may be better understood
10 with reference to the accompanying drawings and the detailed description in

the following.

LIST OF ACCOMPANYING DRAWINGS

15 !
| The present invention will now be described in detail with reference o
the accompanying drawings that follows, wherein specific embodiments are
described as non-limiting examples or illustrations of the workings of the
invention, in which:
20

FIGURE 1 (Prior Art) shows a simplified configuration of two parallel-
trained single-dimension cameras with identical interior parameters employed
in a conventional imaging system such as Halcon™,;

FIGURE 2 shows a basic embodiment of an apparatus in elevation



FIGURE 1 (Prior Art) shows a sinplified configuration of two

par al | el - wo adoriaewose ngl e- di nensi on caneras w th identi cabcT/REENT/O0608S
paraneters enployed in a conventional inmaging system such as

Ha/ conTM ; FI GURE 2 shows a basi c enbodi mnent of an apparatus in

el evati on WO 2007/ 149050 PCT/ S&007/000088 13 vi ew whi ch enabl es the
met hod according to our invention; Fl@RE 3 shows an enbodi nent of an
apparatus in schematic representation, which includes a back |ight
source for calibration purposes; FIGJRE 4 shows a calibration grid
in form of @ewoudtieehdmekireanethee acoordhigdaloubiraentsm; st eps of our
invention; FIGJRE 5 shows one enbodi nent of an apparatus in schematic
representation, FIGURBSPesHowen apuembsdinerl GURE 6ppatotys in sebematic
enbodi ment of an apparatus in schematic representation, which

i ncludes a fdpragbraiBa; which ihdlghs = bacicighasdunse faraagibriation purpbees;

di mensi on/ 3-di nension | ead i magi ng; FIGURE 7 shows a third enbodi nent
of an apparat us FiGsRIPangows a talbratiengrid indform fobe squaeoclofor use in
pur poses; FIGURE 8 shows a fourth enbodi nent of an apparatus in

sehemat i g Eﬁﬂfr@t%ﬁﬂét@&é 8ourfifentiBgpect i on pur poses; and 15 FI GURE 9
shows a fifth enbodi nent of an apparatus in schematic

representation, ERIURESHEHIMRNoRYT HABEEMeRE DAl AERpDESAOR! R | CNedBtic
SPECI FI C EMBODI MENTS 20
representation, for inspection purposes;
FIGURE 6 shows a second embodiment of an apparatus in schematic
representation, which includes a third camera, a light source and mirrors for 2-
10 dimension/3-dimension lead imaging;
EIGURE 7 shows a third embodiment of an apparatus in schematic
representation, for inspection purposes;
FIGURE 8 shows a fourth embodiment of an apparatus in schematic
representation, for inspection purposes; and

15 FIGURE 9 shows a fifth embodiment of an apparatus in schematic

representation, for inspection purposes.

DETAILED DESCRIPTION OF SPECIFIC EMBODIMENTS

20

in the general embodiment of our invention’s method may be
implemented by a configuration or arrangement of a pair of cameras (10, 12}
and other elements such as lighting elements including ring light (16) and

reflective surfaces or mirrors (18) as shown in FIGURE 2 in an elevation view.



In the general enbodi ment of our invention's nethod may be RCT/SGIO87/00005
i mpl enented by a configuration or arrangenent of a pair of camer&ceived 3 Fune 20(
(10, 12) and other elenents such as lighting elenents including ring

light (16) and reflective surfaces or mrrors (18) as shown in

FIGURE 2 in an el evation view. PCT/S&007/1600088 Received 3 June 20E

14 Qur novel nethod for 3-dinmensional vision inspection covers

objects (14) such a®urimvel elaiotd @i B-AroMMINeNtidABICIRRLWES difscts

be inspected which nmay include input-output contact points

protrudi ng from(i#esperkagericassleanonipl @ndtorttd AERSy 385HIRSs EﬂJBEaiﬁg’pected
curvatures, such as pins and balls of 5 mcroel ectronic packages,

i ncl udi ng pin gwr(ﬂ:}ﬁmlaﬁmcﬂtﬁ@)npgﬁ%t?gﬁéant@%'doir?‘_é bfbésﬁgﬂgaﬂongﬁﬁlg}jgﬁ%e as

| i ke packages. Qur nmethod includes the steps o rovi

| east a pair of nbh rCaRtdMek %d?&agﬁféﬁ‘et Eu%ﬁré@rsdcﬁgé Icpjﬁtl? lﬂ}}gt Piﬁlbﬁ of

paraneters arranged in a stereovision configuration;

o P, SaL 8 ThAEoBRREALNLONBANS ihAudiRl HTLAS dIF (P S iAeRbo8) ha gric

exterior par anet ers of sai respective |

formng a rectitj ' temfromthe paraneters of both 15
“Eg e AT sheb

i mage capturing neans d Ve with a pose of second inage
capturing neans relative to the first inmage capturing neans
("relative pose"); (d) using said inmage-capturing nmeans to capture

| mages of said obj ecblu?method includes the steps of:
(a) providing at leasl a pair of image capturing means with similar interior
10 ‘ parameters arranged in a stereovision configuration;

(b)  calibrating each of said image capturing means to determine the
interior and exterior parameters of said respective image capturing
means;

(cy  forming a rectified coordinate system from the parameters of both

15 : image capturing means determined above with a pose of second
image capturing means relafive to the first image capiuring means
{"relative pose”);

(dy  using said image-capluring means to capture images of said object’s

protrusions comprising two side views of sun‘éce curvature of each of
20 said protrusions;

(e)  rectilying coordinates of each image to produce a pair of rectified
images in the said rectified coordinate system:

() determining a conjugate point for the tip of each profrusion on each of

the pair of images captured: and

Amended Sheet
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protrusions conprising two side views of surface curvature of eapliT0éG2967/00008
20 said protrusions; (e) rectifying coordinates of each inmge tQeceived 3 June 200
produce a pair of rectified images in the said rectified coordinate

system (f) determining a conjugate point for the tip of each

protrusion on each of the pair of images cgptured; and Anended Sheet

| PEA/ AU PCT/ SG2007/ 000088 Received 3 June 200 15 (g) neasuring the

di stance of eaC(@gprQhéé@Jrﬂ@ fHeORLBAEY o?feaéﬂmjgﬂg‘%&w pffo ;lré%'{:@%ggﬁ?a HBage

within the rectified coordinate system an

protrusions. 5 Theorghh bl %ﬁeaﬁg tvﬁghnpitﬂé’?Eétﬁ@ggﬁéokg{@%%;%%dg%gggq dhe co-

di stance of everything in ront or the ster

can be determ ned. &)lg e .relative pose (exterior
par anmeters) derived Erg%% ?ﬁgglﬁt@ﬁm%% bration has a so-,called

“nmeasurenent plane” in it (world coordinate of z = 0), it is not
inmportant in 3D neasurenent. Practically, the distance of all object

points 10 falling within focusing range of the stereoscopic camera
system can gé: meas ‘@8*%’F6®er f?? biostay ciibrietipn.aihe distanpe of rebeiking in
for 2D measurenent  whereby the object is planar and always

physi cal |y si t (REET HIf $IREOSRRRS GREwEN SYSiemman tsdateemned nEvémtigegh the

capturing means" used herein is intended to include
refative pose (exterior parameters) derived from binocular calibration has a

so-called "measurement plane” in it (world coordinate of z = 0}, itis not
important in 3D measurement. Practically, the distance of all object points
10 falling within focusing range of the stereoscopic camera system can be
measured properly. Measurement plane is more relevant for 2D measurement

whereby the object is planar and always physically situated on the

measurement plane,

15 The term “image capturing means" used herein is intended to include
both the camera and frame grabber. The camera may cover still camera or
video camera. The term "at least a pair” covers two or more camera wherein
at least two of the cameras are for stereoscopic vision while the third and
subsequent cameras are optional and may or may nof relate to inspecting

20 ball-like protrusions from an object to be inspected. “Exterior parameters”
includes the parameters defining the spatial arrangement of second camera

with respect 1o the first camera in world coordinate.

As shown in FI(3. 2, the configuration of an apparatus which enables

Amended Sheet
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both the canmera and frame grabber. The canmera may cover still canera
or Vi deowoawer®osbhe term "at | east a pair' covers two p@m/StR0&/000088
canera wherein at |least two of the caneras are for stereoscopic
vision while the third and subsequent caneras are optional and may
or may not relate to inspecting 20 ball-like protrusions from an
object to be inspected. "Exterior parggreters"” includes the
paraneters defining the spatial arrangenent of second canera wth
respect to the first camera in world coordinate. As shown in FIG 2,
the confi guatdratih #d/@ppeasiementsiehoetingl aisovernay denptbr et
LPEA/ AU WO 2007/ 149050 PCT/ SG2007/000088 16 the calibration and/or
measurenment step outlined above may conprise of: (a) at least a pair
of image capturing devices with simlar interior paraneters arranged

in a stereqyjsigp igadf hgpert bPNinage( biptaring devidesr efitecimiar inteficices
for reflectinhg an i nage of an object to be inspected to be captured

by each of sai d,bpRggs@akidtgenth BREREovidion comfiglsationt nmounting said
obj ect to be ingpect ed to enable said object's inmage to be so

reflect ed S?gt sq GaPbtrRdaiehgirricas Joi fbiiebirRran raage opbaratédiyo dfe

co- pl anar rustons on at 10 | east one surface or substrate. In
re

one preferred eﬁﬂg}:&%bﬂé@% P@‘é:g@ﬁf ABY BAsh oRdBPintEhe-EANGEIdINRENS;

measuring the distance o protrusion fromat |east one of the

i mage capt(g%n%m%r ABHnEessialobidotid B8irkbe6ted kb anabletsaidbbjbbis
y

pr ot rusions
image to be so refiected and so captured;

wherein said object has a plurality of co-planar protrusions on at

10 least one surface or substrate.

In one preferred embodiment of our method, step (g) concerning
measuring the distance of each protrusion from at least one of the image
capturing means and the calculation of co-planarity of the protrusions may

15 comprise of determining from the rectified coordinates using established
mathematical functions the distance of each of the protrusioz:\s from at least

one of the image capturing means.

Preferably, the method further includes the step of calculating the co-
20 planarity of the protrusions based on the distance of each protrusion to form a

seating plane using standard best-fit plane algorithm.

Our method for 3-dimensional vision as described above may

preferably further include the calculation of the height of protrusion by the



15 conprise of determining fromthe rectified coordi nates using PCT/SG07/00008
established nmathematical functions the distance of each of the Received 2 Fune 206
protrusions fromat |east one of the inmage capturing neans.

Preferably, the nmethod further includes t step of calculating the

co- 20 planarity of the protrusions based on the distance of each

protrusion to forma seating plane using standard best-fit plane

al gorithm Qur wraichesh §teps:3- di nensi onal vision as described above may
preferably further include the calculation of the height of

protrusion by the PCT/ z20G:0:000058 a%%%@hﬁfi:@aoiﬁdqrw}l%dﬁgwﬂ) th 7ﬂrsi geating

followi ng steps: (i) approxinmating wth a s |"ane n addit

to the first seating Fgéﬁ@qh?tt P%ngﬁ%&gg%wﬁrto%s%é%@ g@ ngﬁr)]i@auty

havi ng good co-pl anarit ting sai

by the anount of nomrv% %gcnru3|on hei ght to formthe substrate

pl ane; and (|||) taklngl{ é hei ght of a protrusion as the
perpendlcular tance sai d ion,to the substrate pl ane.

The cal i bration gtep 6%3 5@5jﬁ§ 'thyh@eué@oﬁﬁtg dE¥“%#%PﬁWNS@“
grid. The determ nation ate 0|n s of each protrusion of

step (f) may pref eralﬂeygh?lif% féi'et %lS)JWJE %tpaﬁ’& i each rectified

i mage, the edges. of the object to draw up the boundaries of the
object: and (ii )i perf&?‘ﬁi’%ﬁ’%’ﬁ%@ﬁa{#@ Argtrision aa i@ Yepsndisuipbdigtanceled said

gross position of each protrusion. Preferably, step
profrusion to the substrate plane,

10 The calibration step (b) above may be with the use of a calibration grid.

The determination of conjugate points of each protrusion of step (f)
may preferably include (i) locating in each rectified image, the edges of the
object to draw up the boundaries of the object; and (ii) performing  standard

16 blob analysis {o locate the gross position of each protrusion, Preferably, step
(f) further includes (iii) projecting two edge-detecting windows onto each
protrusion 1o locate its fop and bottom edges up to sub-pixel accuracy; (iv)
projecting a third edge-detecting window from a ceniral vertical position of the
profrusion to detect the left edge of the protrusion in right image and the right

20 edge of the protrusion in the left image up to sub-pixel accuracy; and
step {f) may preferably furiher includes (v} assigning conjugate points fo be

the right and left edges of the protrusion.
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(f) further includes (iii) projecting two edge-detecting w ndows onto

each praiHYsi7afecs® | ocate its top and bottom edges up i,@r,gégrg%mgs
accuracy; (iv) projecting a third edge-detecting w ndow from a

central vertical position of the protrusion to detect the |left edge
of the protrusion in right image and the right 20 edge of the
protrusion in the left image up to Slrlg) pi xel accuracy; and step (f)
may preferably further includes (v) assigning conjugate points to be

the right and | eft edges of the protrusion. Arended Sheet 1PEA/ AU WO
2007/ 149050 PCT/ S&2007/000088 18 As anot her preferred enbodi nent,

step (g) may preferably further i ncludes the steps of (vi)

cal cul ating di %#?dﬁb%he?f cBI Shbogihntt stebe(d)heay dprefezatsn clerthet ween
the positions o e sal right and |left edges; and (vii) 5

det erm ni ng &S %étsﬁéﬁseo i f&ﬁ!cﬂ!éﬂhé UhdgsHtity lobthé eolstistore ds depite

camera conf Irgaratron utilizing the disparity and the rel ative pose

conput ed d&tg%{ég.ge%%t&vgéﬁ%é’ Rosiliies BRasIEhRONGHt Shd lefnedgad; amactvil)

protrusion 0 preferably include (i) calculating

di spari %y g%te%rﬁﬁ.r@ﬁ%‘é U Aie! 8 B bhGrdidd eloanase Shsrevesipid bamera

positio ugate poirnts. (11) determning the distance of

the protrus fromt e By él tdohipuitaty du
di sparity ﬁ?{gn "L[ﬂ‘émr p%@/@repg%g%g%ﬁig&% gﬁ?%gcal i bre‘lz’fzjl on. i‘lhgg I t

shoul d be ex'ﬁ%%{ itned here that the term"relative pose” is used in

this specf? 9bn to nean "exterior paraneters" of the inage
capturing neans or

The measuring of distance of each protrusion of step (g) may

10 preferably include (i) calculating disparity of the protrusion to be the difference
between the positions of the conjugate points. (i) determining the distance of

the protrusion from the stereoscopic camera system utilizing the disparity and

the relative pose computed during calibration.

15 It should be explained here that the term “relative pose” is used in this
specification to mean “exterior parameters” of the image capturing means or
3D camera’s positioné relative to one another as well as to the object to be
examined. The “relative pose” term may also be taken to mean “3D poses”
employed in Halcon™ methodology. In Halcon™, 3D poses means

20 representation of a rigid transformation with 6 parameters, i.e. 3 for rotation
and 3 for translation (Rot1, Rot2, Rot3, TransX, TransY, TransZ). The
principle of poses is that transformation around even an arbitrary axis can still

be represented by a sequence of 3 rotations around the X, Y and Z axes of a

coordinate system.



3D canera's positions relative to one another as well as to the

obj ect t owloeooeassoned. The "rel ative pose" term may al $@TiEGh@k@O0sE O
mean " 3D poses” enployed in Hal conTM net hodol ogy. I n Hal conN, 3D
poses neans 20 representation of a rigid transformation with 6

paraneters, i.e. 3 for rotation and 3 for translation (Rotl, Rot2,
Rot 3, TransX, TransY, TransZ). The pjd nciple of poses is that
transformati on around even an arbitrary axis can still be

represented by a sequence of 3 rotations around the X, Y and Z axes
of a coordinate system WD 2007/149050 PCT/ SG2007/000088 19 As
shown in FIG 2, the object to be inspected is preferably placed
within and is i hsWHowat ROFIE. 2 thiengbjedt thi lghinspectedels praterabiyiacedur ce
ring conprises a plurality of light-emitting diodes (LED) with their
li ght beamBiRpsihki @ndmiaté@beyta aingi sicligmagousse. of THS lighiveoulee ring
object to be i1nspected. Preferably, a background light source is

further pr Q;\Qgﬁ;g?ges | ARG 6f sEHasniemgodboest(LEDS witowneir fighl BeiRE 3,

t he caneras connected to a data processing nmeans via a

Eing\?n'qsgggﬁiﬁ%r%g@mn%é %)‘E%fo%gi% B Shoididmed 254 B0aRds tHeEEDjda96 tuimspedted.

a processing neans in the formof a conputer
capabl e of rupnni a : fRheCRbliBeal i ng, rectifying
and processérﬁger%@g’t%%w%‘g@[s&?g%?%‘valfgegé Re%’l ective surfaces my
be provided at an inclination of about 22.5 from parallel axis
towards the object to be inspected so that imges of said object are

o boces o e BRb B Bk B AT FERE e
connected to a data processing means via a high-speed data transfer bus
10 including an |EEE-1394 bus (also known as “Firewire”). Data processing
means in the form of a computer capable of running at least a program for
calibrating, rectifying and processing captured images is provided. Reflective
surfaces may be provided at an inclination of about 22.5° from parallel axis

towards the object to be inspecied so that images of said object are reflected

15 at parallel into the image capturing devices.

For the purpose of calibration in steps (b) andfor (c), a “calibration
grid’, also called a “calibration reticle’, may be provided as a removably
mountable block to have its image captured by the stereoscopic camera

20 system for the calibration process. The block is preferably a rectangular
board provided with an array of precision dots within a rectangular border, as
shown in FIGURE 4, may be used. As an exemplary calibration process, 20
positions of the dots may be captured within the field of vision of each of the

cameras. At least 10 of these positions may then be selected for the



grid', also called a "calibration reticle", may be provided as a
renmovabl ywomunig@biee bl ock to have its inmage captured bwdimg2007/000088
stereoscopic canera 20 systemfor the calibration process. The bl ock
is preferably a rectangular board provided with an array of
precision dots within a rectangul ar border, as shown in Fl GURE 4,
may be used. As an exenplary calibratipn process, 20 positions of
the dots may be captured within the field of vision of each of the
caneras. At |east 10 of these positions may then be selected for the

WO 2007/ 149Q5kaf6r profedff) 7/ 000088 20 calibration process. During the
calibration process, the imge pairs are read in sequence to obtain
the locations of the dots within the border. As the precise spati al
5 relationship anong the dots are known, Hal conTM functions nay be

used to conput e Rqg g BAlibPAticPAITBESESD BlcAMRIge sira e tdurl insetuerce 10
rel ati onship between the two caneras. Wth these information, a

virtual st Bt §MheCaAbis QRN el idohest, Shertbe macise spsiialt ent
i n which tﬁ;eb%?gtgtgﬁ??ae?ﬁcoordi nate systent is determned with

respect M%ger{el%gaﬁé%%nﬁgf&@dcﬁ@'&ré’ﬂn&ﬁﬁ,afbékérh@dfun&ﬁbrmcmeycﬁen@etdotot he

Hal conT e spatial arrangenent of the canmeras and |ighting

b e - i phjiEp betveed
means may %mpar{@g ltﬁedmggfa?rgp{%( Eﬁ%érﬁ@ fsCtidingspafiall leRitohsiap betweebe

e
captured an cesse e, as shown in FIGURE 3, the

obj ect ( 14),‘{1%5?%5[93%@_ i wiﬁpm%eﬁ hofARIaH, el virkiaY sReed lcapreh wiystbin

ring |ight provi de peripheral 1llumnation to the object

(14). A backlighte gl diBYeddainehs Spblet'if VRGN o thebafied @sbrfinate
backgr ound PN Tat on.
system” is determined with respect to the first camera, can be established

10 according to the Halcon™ method.

The spatial arrangement of the cameras and lighting means may be

varied according to the features of the object to be captured and processed.

For example, as shown in FIGURE 3, the object (14) which image is to be

15  captured, may be placed within ring light (1 6) to provide peripheral illumination
to the objéct (14). A backlight (20) may additionally be provided to provide

background illumination.

The images reflected from the object (14) need not be captured directly

20 by the cameras (10, 12). In fact, as the object size is likely to be a small
microchip as is the common form factor of microelectronic packages today, it
would be difficult to mount the cameras (10, 12) in parallei to capture the
images directly. 1t would be more practical to have the images captured by

the cameras (10, 12) indirectly, i.e. via reflective surfaces or mirrors (22, 24)



The images reflected fromthe object (14) need not be captured
directly w@dQohm4dgse canmeras (10, 12). In fact, as the obiegk2:76600k$
likely to be a small mcrochip as is the cormon form factor of

m croel ectroni c packages today, it would be difficult to nmount the
caneras (10, 12) in parallel to capture the inmages directly. It
woul d be nore practical to have the igpges captured by the caneras
(10, 12) indirectly, i.e. viareflective surfaces or mrrors (22, 24)
WO 2007/ 149050 PCT/ S&2007/000088 21 so that the cameras (10, 12) may

be pl aced agpatiat kv catietds (i, dl2)) ehayt be iaded apdrebut Silbparatiel ip, eadhe
mrrors (22, 24) are placed at about 22.5 inclination fromthe

paral | el axitfert OPtdieradly, @64 nli@ors6(R2b 2inatd patedmt Bbout 2AE° ricinatiarr
field of vision upon which the object to be captured is placed). 5

FI GRS © S ALpBIIBT S8 L oS aadarBnt: WeRRAln 1418 tabbRAe or ke

I nspected ( IS St aced wthin a ring light conprising LED

elements (17)... LS. Ak aNELas.fr € positioned at

about 45 onOfevl\@Sé?{l @%ﬁpﬁé&@?%%ﬁeﬁ@gﬁ g%lss 0013 t he object (14).
10 FIGURE 6 shows another alternative enbodi nent wherein the object
to be eXamned is a | eaded m croel ectronic package (15) wherein is

The. package (15) CHRE RS Ak atifs AEeRoeRErt MR o BEeBREIg ™
Ty e pr ovP R Pt SEHRBR R = fhafiie MRl D ofFhde (1
background. InBt lrs i'trirgrtgesmén ,6%heacr:§mgr%gvg}e positioned at about 45° on each side
from the incidental axis of the object (14).
10
FIGURE 6 shows another alternative embodiment wherein the object to
be examined is a leaded microelectronic package (15) wherein is featured
with leads (15a) protruding from the sides of the package. The package (15)
is shown picked up by a vacuum wand comprising a pick head (30) and pick
15 arm (32). A backiight or reflector (34) may be provided so that the package
(15) may be illuminated from the background. Bar lights (36) are shown
provided to illuminate the sides of the package (15), pariicularly at the
peripheral parts where the leads protrude from the package body. Refiective
surfaces or mirrors (38) may be provided at the same level as the leads to
20 reflect the images to cameras (10, 12). Preferably, the images are

transmitted through optical elements (40), including non-linear optical

elements, filters, etc. to enhance the image’s contrast.

it is to be noted that a third camera (11) may optionally be provided at



provided to illum nate the sides of the package (15), particularly at
the peri phermbipasis where the | eads protrude fromthe mpagkeRe 00688
Refl ective surfaces or mrrors (38) may be provided at the sane

| evel as the leads to 20 reflect the imges to caneras (10, 12).
Preferably, the images are transmtted through optical elenents
(40), including non-linear optical elepents, filters, etc. to
enhance the inmage's contrast. It is to be noted that a third canera
(11) may optionally be provided at WO 2007/ 149050 PCT/ SG2007/ 000088
22 the mddl @edﬂlcﬁét ebaiwaes hadwenesteses (1h, 12149 engblenthsl imagge from

i mges from the D;iackage' s undersi de be captured as a whole to be
conpared or themdackagels uagarsida be kapiyeashasie avhnie {phe campaned)esrastifieche
| eads on each side of the package (15). As with the pair of caneras
(10, 12), thagainstiithe¢ sspazate pariphetalnmpagbe afohrcleadsl on gaah tsidghof fleed
data transfer bus such as Firewire connection (or |EEE-1394 bus).
Dat a processpamkagedns).i Astwith tiug paiofof samemsp(iler! 2),58js thindnéawgera (11)
program for calibrating, rectifying and processing captured inages.
may be opbi omay| lye pooneded. vid Oa HighRieed dhawdransfrodiusi sath as Biewihe
arrangenment of FIG 3 wherein the third canera (11) is simlarly
provi ded as esnneptiorofad [EEEHI B4 rak).orData | prete=athgomeass rig the dgbrrs pé ed
date transfer bus and still caneras, video caneras maybe used for
fast throughearhpeteaiibjatuinoimgos drbgram doroedlibedtingnirectifying kevgiesrooessing
ot her objects to be exam ned, wherein franme grabbers (42) (or 15

ot her ext er nedptatediimages may Hecoptivasly provideé wth each of the video
caneras so that the video imges nay be digitized for processing in
t he conputer (50), as

10 FIGURE 7 shows a maodification of the arrangement of FIG, 3 wherein
the third camera (11) is similarly provided as an optional configuration.
Instead of using high speed date transfer bus and still cameras, video
cameras may _be used for fast throughput examination of the microelectronic
packages or, ather objects to be examined, wherein frame grabbers (42) (or

15 other external devices) may be used in line with each of the video cameras so
that the video images may be digitized for processing in the computer (50), as

shown in FIGURES 8 and 9.

Certain parallelization processes or parallel processing of images in

20 Halcon™ image functions and operators realized by mulfi-threaded
programming and mulii-core processing means may be used to speed up
processing time. Other third party image processing algorithms, including
frame grabber interfaces, may also be used integrally with Halcon™ in

speeding up certain processes of our novel method described herein. Such



shown in FIGURES 8 and 9. Certain parallelization processes or

paral | el momewsismsgy of images in 20 Ha/conTM i mage f unaidosszo0anchooss
operators realized by nmulti-threaded programm ng and nulti-core
processi ng neans may be used to speed up processing tinme. O her
third party i mge processing algorithns, including frame grabber
interfaces, may also be used integralby with HalconTMin speeding up
certain processes of our novel nethod described herein. Such WO
2007/ 149050 PCT/ SG2007/000088 23 nodifications, extension or

adapt at i onsmadgiicdtivins! cextengtan sord exdagtadions desamolr s e gansiferet gfe of
the present invention as defined in the followi ng clains. ]

PC T/ SQ20074&4pRRk: friRacké weshadolihaeraamit irdén@inrad/Befings iplthpdeliosing A
met hod for 3-di nensional vision inspection of objects, including

m cr oel ectr ggiss. conponents, having protrusions as features to be

i nspected, wherein said protrusions having non-planar surfaces

and/ or surface «curvatures, said nmethod conprising the steps of: (a)
providing at | east a pair of image capturing nmeans with simlar
interior 10 paranmeters arranged in a stereovision configuration; (b)
calibrating each of said inmage capturing neans to determne the



interior and exterior paraneters of said respective inage captur PaE/SG2007/60608
means; (c) formng a rectified coordinate system fromthe paranegefesved 3 June 200
of both 15 inmage capturing neans determ ned above wth a pose of

second image capturing nmeans relative to the first inmage capturing

means ("relative pose"); (d) using said inmge-capturing neans to

capture i mages of said object's protrusi o4 conprising two side

views of surfacexcypyatures of each of 20 said protrusion; (e)

rectifying coordrmates of each image to produce a pair of rectified

images in the said rectified coordinate system (f) determning a

conjugate point for the tip of each protrusion on each of the pair

of i mages captur@d; iand Amended Sheet | PEA/ AU PCT/ SG2007/ 000088

Recei ved 3 June 260"@%5 (g) measuring the distance of each protrusion

based on said conjugate point fromeach of the inage capturing nmeans

within the rectified coordinate systemand the co-planarity of the
protrusions. 5 2. A nethod for 3-dimensional vision according to

Claim1 wheretn step? (epthedeurd-digrarsiondl yisiore dnaplecier ofpejectas irmuding
fromat |east one of the inmage capturing neans and cal cul ation of
co-planarity of rokegacdonisstengorsotghasinggprotrusions as features to be inspected,

wherein said protrusions having non-planar surfaces andlor surface

curvaiures, said method comprising the steps of:

(a)  providing at least a pair of image capturing means with similar interior

10 - parameters arranged in a stereovision configuration;

(b) calibrating each of said image capiuring means to determine the
interior and exterior parameters of said respective image capturing
means;

(c) forming a rectified coordinate system from the parameters of both

15 image capturing means determined above with a pose of second
image capturing means relative to the first image capturing means
{("relative pose™);

(d}  using said image-capturing means to capture images of said object’s

protrusions comprising two side views of surface curvatures of each of
20 said protrusion;

{e) rectifying coordinates of each Image to produce a pair of rectified

images in the said rectified coordinate system;

{f determining a conjugate point for the tip of each protrusion on each of

the pair of images capturaed; and

Amended Sheet
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determining fromthe rectified coordinates using established PCT/SGI007/60008
mat hemati cal functions the distance of each of the protrusions fﬁgg;.ve‘”}wemd
10 at | east one of the inage capturing neans. 3. A nethod for T )
3-di mensional vision according to Claim2 further including the step
of, (h) calculating the co-planarity of tBe protrusions based on the
di stance of 15 each protrusion to forma seating plane using
standard hest-fit plane algorithm 4. A nmethod for 3-dinensional
vi si on accordi n§fk o BEFFHIRT fhg diskance; plcpaeh REPTEUsONs basechpn said copjugate
cal cul ating the height of the protrusions wherein: a substrate plane
is determned with rBfigk di9ee aa6ht plethite d0298 a@ptutiosr Micars exthimrtbe rectified
per pendi cul ar di stance of protrusion to the substrate plane is taken
as the protrusion hefepigina eBhdlee copRBAHADOIHCT H8G2BBNE00088 ®,
Received 3 June 200 26 5. A nmethod for 3-dinensional vision -
according to Claim4 wherein the protrusion height is calculated as
follows: (i) approximating with a second plane, in addition to the
first seating 3. plafenethbatfoi S-dimeséichgtedomiabortingt touSkzans HRYIEM step
good co-planarity
(g) measuring the distance of each protrusion from at least one of the image

capturing means and calculation of co-planarity of the protrusions comprising:
determining from the rectified coordinates using established
mathematical functions the distance of each of the protrusions from

10 at least one of the image capturing means.

3. A method for 3-dimensional vision according to Claim 2 further ‘
including the step of:

(h}  caleulating the co-planarity of the protrusions based on the distance of

15 gach protrusion to form a seating plane using standard best-fit plane
atgorithm,
4. A method for 3-dimensional vision according to Claim 3 further

including the step of:
20 (B calcutating the height of the protrusions wherein:
- a substrate plane is determined with reference to the rectified
coordinates,; and
- perpendicular distance of protrusion to the substrate plane is

taken as the protrusion height.

Amended Sheet
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val ues; (ii) shifting said second plane by the ambunt of nom nal PCT/SG2607/00008
protrusion height to formthe substrate plane; and (iii) takin@dbeed 3 Fune 260
hei ght of the protrusion as the perpendi cul ar distance of 10 said

protrusion to the substrate plane. 6. A nethod according to Caimé6

wherein the calibration step is achieved with the use of a

calibration grid. 15 7. A nethod for 3-ggnensional vision according

to daiml wherein the conjugate points of each protrusion being

determned in step (f) includes (i) locating in each rectified image,

the edges of ti%e oblagbtrib for aWirkehsidlie vRANAREISS, f chiif 40D ect and

20 (ii) perform ng standard blob analysis to € gross

t f rrenS| onal vision
Ptk ng. emra?Q%H%%m&m@ﬁ?@?ﬂr{eﬁ aq?foﬁ ¢fldes Amended Sheet

according to Caim erein ste

CT/S 07/ 00 d 0j ecting
{\TDEA/eg\gePdet ect?ng w%g)ggv\gmgﬁ Ivyglcﬁ %ﬁggﬁfi "t‘daaqitl?é '14694563“”9
and bottom edges up t ?r?euﬁpg% xel a cur CL%/ %é{otf projecting a third

edge- det ect i ng Wi ndowW %e%qr}s smns having good co-planarity
values;
(i} shifting said second plane by the amount of nominal protrusion

height to form the substrate plane; and

(i) taking the height of the protrusion as the perpendicular distance of
10 said protrusion to the substrate plane.
8. A method according to Clalm 6 wherein the calibration step is

achieved with the use of a calibration grid.
15
7. A method for 3-dimensional vision according to Claim 1 wherein the
conjugate points of each protrusion being determined in step (f) includes
(i) locating in each rectified image, the edges of the object to draw up
the boundaries of the object; and
20 (i} performéng standard blob analysis to locate the gross position of

each profrusion.

8. A method for 3-dimensional vision according to Claim 1 wherein step

() furiher includes
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position of the protrusion to detect the |left edge of the protruRONVSGI0G7/60505
in 5 right image and the right edge of the protrusion in the | efRkecived 3 June 20¢
image up to sub-pixel accuracy; and (v) assigning conjugate points

to be right and | eft edges of the protrusion. '"10 9. A nethod for

3-di nensi onal vision according to Caim8 whgrein step (g) further

includes (vi) calculating disparity of the protrusion to be the

di fference betwign tf’p@oj@@ﬁﬁg}itﬂﬂse@gﬁe@@%cﬁﬁé dyih bR cﬁ?g Eg{:ﬁ]eﬁgggﬁén to

and (vii) determning the distance of the protrusion from

stereoscopi ¢ 15 caneng#£enk ithpé,gﬁf %%&Q%E#SZ%% %bengggﬁgagc%%ér& and the

rel ati ve pose conputed during c tio

3-di mensi onal V{@i on ?@%Etﬂ‘\ed‘% ?@rﬂa@ﬁgg—%te%ftipé %ind?\%gﬁg%i)?ag ggzkt%iam\?ertica;

wherein the protriusio i nspected has at”l| eas

hackage. barts of barPsBl ¢! e Bt BRaT GBI Ltelbe S 4l phsion i
k .11, A for 3:di i opal _vj sion inspection of
o o amar oB) ectar " BT TeAdRLAH Bl R R dhe SIS 6, hatlek ange up

any of the preceding net mended Sheet | PEAI Al J PCT/ S&G007/ 000088

od,
Recei ved 3 June 7' 00 t‘%’é&?'?'x@ aEerYi 8Rd cal i brati on and/ or

measur enent purposes, sai d apparatus )
(Q/) assigning  conjugate points to be right and left edges of the

protrusion.

0 8. A method for 3-dimensional vision according to Claim 8 wherein step
(g) further includes
{vi) calculating disparity of the protrusion to be the difference between
the positions of the said right and left edges; and
{vil) determining the distance of the protrusion from the stereoscopic
15 camera configuration utilizing the disparity and the relative pose

computed during calibration.

10. A method for 3-dimensional vision according to any one of the
preceding claims wherein the protrusion to be inspected has at least one of a
20 round edge or ball tip, including pins of a pin grid array (PGA) package, balis

of ball grid array (BGA), and like microslectronic packages.

11. An apparatus for 3-dimensional vision inspection of non-planar objects,

including microelectronic components, wherein any of the preceding method

Amended Sheet
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conprising: (a) at least a pair of inmage capturing devices wth ?CIIISGZGM/GGMS
simlar interior paranmeters arranged in a stereovision - Reeeived 3 June 260
configuration; 5 (b) a pair of reflective surfaces for reflecting an

i mage of an object to be inspected to be captured by each of said

i mage-capturing neans; and (c) means for unting said object to be

inspected to enable said object's image t0 be so reflected and so

captured; whereiis saildedbpectiibasion MdisakidasuRingg- Bdniggéés said apparatus
protrusions on at 10 |east one surface or substrate. . An _

apparatus for 3-chimeigagnal vision inspection according to Caimll

wherein the object to be inspected is placed within a ring of |ight

g?glr ﬁgng?gn;IS v: (Lsalb g??ﬁﬁgéz?%ﬁggo@%% ﬂgﬁ?{)?"eﬁlﬂf\é\&ggefﬁéﬁ?einte"ior
| S0t ource, comvr seseanBLls Arkiech d AGRLLERL AR digeee (L
et ot B b R L PRRRLE L A R e
kA T A UL AL A
| PEAJAU PCT/ 862(29)7/ O%Oesa%s for mounting said object to be inspected to enable said object's
image to be so reflected and sa captured;
wherein said object has a plurality of co-planar protrusions on at

10 least ane surface or substrate.

12. An apparatus for 3~dimensional vision inspection aceording to Claim 11
wherein the object to be inspected is placed within a ring of light source and is
iHuminated thereby,

15
13, An apparatus for 3-dimensional vision inspection according to Claim 12
wherein the light source comprises a plurality of light-emitting diodes (LED)
with their light beam positioned at about an inclination of 25° towards the
ohject to be inspectad.

20
14, An apparatus for 3-dimensional vision inspection according fo Ciaim 13

wherein a background light source is further provided.

15. An apparatus for 3-dimensional vision inspection according to Claim 11
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Received 3 June 200 29 wherein the inmage capturing device conpriPsHYSG2087/00008
a canera and a frane grabber. 16. An apparatus for 3-di nensionakeceived 3 June 200
vi sion inspection according to Caiml1l5 5 wherein the frame grabbers

are connected to a data processing neans via a high-speed data

transfer bus including an | EEE-1394 bus (.a] so knowmn as "Firewire").

17. An apparatus for 3-dinensional visiorn nspection according to

Caim16 10 wheheian tthe thedge pooteisgi deviteandniried §08HERS 268PaDHEe

of running at least a programfor calibrating, rectifying an

processi ng capt gméder.mages. 18. An apparatus for 3-di nensional vision

i nspection according to any one of Cains 11 to 17 further including

a third image capturing device for another 15 imaging process. 19.

An apparatus for 3-dinensional vision inspection according to Caim

18 wh inth hi } i ce.ls ed in bet th
L6, vher el her6 o) FRSUEE AR 5K Sl Bl SE LR DY o
TEDECti10 4801k e AR SIS GPLAGl p2Le20 B LS,
di to d,aj i | i brat ] .cle f havi it
ecoorl 19,0, il 1 1A SRR L ELELROL eNna 14 o,

nmount ed. A”ende'girgx%g’tj | PEAI A J PCT/ SG2007/ 000088

17.  An apparatus for 3-dimensional vision Inspection according to Claim 16
10 wherein the data processing means is a computer capable of running at least

a program for calibrating, rectifying and processing captured images.

18.  An apparatus for 3-dimensional vision inspection according to any one
of Claims 11 to 17 further including a third image capturing device for another

16  imaging process,

18, An apparatus for 3-dimensional vision inspection according to Claim 18
wherein the third image capturing device is placed in between the pair of first
two image capturing devices and is configured for inspecting another type of

20 feature of the object, or another type of object.

20.  An apparatus for 3-dimensionat vision inspection according to Claim 11
wherein a calibration reticle for having its image captured for calibration

process is provided removably mounted.
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Received 31 July 2008 30 21. An apparatus for 3-di nmensional vPsiTuRG2007/60008%
i nspection according to Caim1ll wherein the reflective surfagegvad 8 July 2008
positioned at an inclination of about 22.5 fromparallel axis

towards the object to be inspected so that imges of said 5 object

are reflected at parallel into the inage capturing devices. Amended

Sheet JPEA/ AU

30
21, Anapparatus for 3-dimensional vision inspection according to Claim 11
wherein the reflective surfaces are positioned at an inclination of about 22.5°

from parallel axis towards the object to be inspected so that fmages of said

5 object are reflected at paraliel into the image capturing devices.
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